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Abstract
Background: Recent evidence derived from functional magnetic resonance imaging (fMRI) studies suggests that
functional hubs (i.e., highly connected brain regions) are important for mental health. We found recently that global
connectivity of a hub in the left frontal cortex (LFC connectivity) is associated with relatively preserved memory abilities
and higher levels of protective factors (education, IQ) in normal aging and Alzheimer’s disease. These results suggest
that LFC connectivity supports reserve capacity, alleviating memory decline. An open question, however, is why LFC
connectivity is beneficial and supports memory function in the face of neurodegeneration. We hypothesized that
higher LFC connectivity is associated with enhanced efficiency in connected major networks involved in episodic
memory. We further hypothesized that higher LFC-related network efficiency predicts higher memory abilities.
Methods: We assessed fMRI during a face-name association learning task performed by 26 healthy, cognitively normal
elderly participants. Using beta-series correlation analysis, we computed task-related LFC connectivity to key memory
networks, including the default mode network (DMN) and dorsal attention network (DAN). Network efficiency within
the DMN and DAN was estimated by the graph theoretical small-worldness statistic. We applied linear regression
analyses to test the association between LFC connectivity with the DMN/DAN and small-worldness of these networks.
Mediation analysis was applied to test LFC connectivity to the DMN and DAN as a mediator of the association
between education and higher DMN and DAN small-worldness. Last, we tested network small-worldness as a predictor
of memory performance.
Results: We found that higher LFC connectivity to the DMN and DAN during successful memory encoding and
recognition was associated with higher small-worldness of those networks. Higher task-related LFC connectivity
mediated the association between education and higher small-worldness in the DMN and DAN. Further, higher smallworldness of these networks predicted better performance in the memory task.
Conclusions: The present results suggest that higher education-related LFC connectivity to key memory networks during
a memory task is associated with higher network efficiency and thus enhanced reserve of memory abilities in aging.
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Background
The concept of reserve describes the ability to maintain
cognition relatively well during the course of neurodegeneration [1]. Protective factors that are associated with
higher reserve and a reduced risk of Alzheimer’s disease
(AD) at older age include early-life experiences of cognitively challenging activities [2, 3], such as higher IQ or
greater education [4, 5]. Specifically, higher formal education has been associated with slower age-related cognitive decline [6], reduced risk of AD dementia [4], and
relatively stable cognition in the presence of accumulating AD pathology [7–11]. Thus, in normal and pathological aging, subjects show variable levels of reserve
that may be influenced by life factors such as education.
The understanding of those brain mechanisms that
underlie reserve is pivotal to developing interventional
approaches to directly stimulate and enhance reserve in
aging for the prevention of the development of cognitive
decline and dementia. In a series of functional magnetic
resonance imaging (fMRI) studies, we have recently
identified a functional hub region in the left frontal cortex (LFC; Brodmann areas 6/44) as a putative neural
substrate of reserve. Specifically, we found that higher
global functional connectivity of the LFC hub during
both resting state and memory task fMRI was associated
with (1) greater education and (2) higher memory performance relative to the level of age-related hippocampal
atrophy, AD-related parietal glucose hypometabolism, or
tau pathology [10, 12–15]. This result pattern suggests
that LFC connectivity is associated with protective factors (i.e., education) and supports memory-related reserve in aging and AD. An open question, however, is
why LFC connectivity is beneficial and supports memory
function in the face of neurodegeneration.
Our lead hypothesis was that higher connectivity of the
LFC to major brain networks involved in memory is associated with enhanced efficiency of these networks. The hypothesis was motivated by several previous findings. From
a network perspective, the LFC is a key hub of the frontoparietal control network, which is involved in a broad variety of cognitive abilities and hence is also labeled the
“task-positive” network [16]. The frontoparietal control
network has been shown to flexibly couple with other networks in a task-specific way, whereby the degree of connectivity to other networks is predictive of higher
cognitive performance [17, 18]. Particularly, global connectivity of the LFC hub was shown to be associated with
higher cognitive control and general cognitive function as
measured by fluid IQ in young subjects [19]. Thus, control
regions such as the LFC are critical for the regulation of
other networks and may enhance their informationprocessing capacity (i.e., efficiency), which is associated
with higher cognitive performance [19, 20]. With regard
to reserve in aging and AD, it is thus possible that the
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LFC supports reserve by promoting efficient processing
capabilities in key memory networks, thereby helping to
maintain memory ability relatively well [5].
The efficiency of functional brain networks can be
assessed by graph theoretical analysis of the fMRI blood
oxygen level dependent signal. In graph theoretical
terms, an efficient network is usually considered to allow
for fast information transfer (i.e., short pathways to get
from a particular node to any other node in the network) [21]. A caveat of this approach to quantifying efficiency is that random networks show on average a short
path length (i.e., high efficiency). However, random networks lack topological features of highly organized networks such as local clustering of connections. Thus,
from a functional point of view, a more plausible
approach to capturing network efficiency constitutes the
measure of “small-worldness,” which takes into account
both the shortest path between any two given nodes and
the degree of local clustering of connections. High
small-worldness can be understood as fast information
transfer via short path length in highly structured nonrandom networks [21, 22]. Previous resting-state fMRI
studies have shown that the brain is organized in smallworld networks, where hubs such as the LFC are
especially important for maintaining small-worldness
because they are important connectors that route short
paths [23]. In addition, higher small-worldness of functional brain networks has previously been linked to
higher cognitive performance [24, 25] and higher resilience against network dysfunction [26, 27].
In the present study, we used task-based functional connectivity analysis and graph theory, whereby we assessed
memory task-related LFC hub connectivity and smallworldness of key memory networks during successful encoding and recognition in a face-name associative memory
task. In particular, we estimated the small-worldness of
two major functional networks, the default mode network
(DMN) and the dorsal attention network (DAN), and the
connectivity of the LFC to these networks. The rationale
for this selection was that the LFC is strongly connected
to both these networks, which is associated with higher
education level and better episodic memory performance
relative to the level of neurodegeneration [12]. Furthermore, a recent meta-analysis of memory task fMRI studies
showed that specifically the DMN and DAN are engaged
during successful memory ability [28].
We tested three specific hypotheses: (1) greater LFC
connectivity to the DMN and DAN is associated with
enhanced small-worldness of these networks during
successful memory performance; (2) greater LFC connectivity mediates associations between education and
DMN and DAN small-worldness; and (3) higher DMN
and DAN small-worldness is associated with higher
memory performance.
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Methods
Participants

We recruited 26 cognitively normal elderly subjects at the
memory clinic of the university hospital of the LudwigMaximilian University who underwent cognitive testing
and MRI and were also reported in one of our previous
publications [13]. Inclusion criteria were age > 60 years
and no cognitive impairment based on test scores on the
Consortium to Establish a Registry for Alzheimer’s Disease
(CERAD)-Plus battery [29] and subjective reports.
Absence of cognitive impairment was defined as a performance not < 1.5 SD of age-, sex-, and education leveladjusted norms on all CERAD-Plus subtests. Exclusion
criteria were acute or past neurological/psychiatric disorders, diabetes, or MRI contraindications. As a measure of
general memory performance, we used the delayed recall
score of the word list test that is included in the CERADPlus battery [29]. This test includes a list of ten unrelated
words that are presented in three subsequent learning trials and is especially suited for older individuals for whom
longer lists would be too taxing. After a 5-minute delay,
retention is tested by free recall. Years of education were
assessed in a standardized manner as the sum of years
spent in school and professional training or university
education, following the recommendations of the
CERAD-Plus battery [29]. The study was approved by our
local ethics committee. All participants provided written
informed consent.
fMRI associative memory paradigm

We used a mixed block and event-related face-name associative memory task design adapted from previous
studies [30], which allows modeling brain activation during memory encoding and recognition separately. The
task was divided into 14 blocks of face-name encoding,
each followed by a block of recognition. As stimuli, we
used novel faces (i.e., faces unfamiliar to the scanned
subjects) randomly paired with first names. Detailed information on task stimuli can be found in one of our
previous publications [13]. During the overall task procedure, the subjects were presented 112 different faces
and 168 names with balanced gender frequencies. All
subjects were trained in the task procedure before the
fMRI scanning session on a laptop computer using facename pairs that were not included in the fMRI task. The
task was implemented using E-prime software (Psychology Software Tools, Inc., Sharpsburg, PA, USA), and
face-name pairs were shown via a vision goggle system
attached to the head coil, which allows for individual
eyesight correction.
During an encoding block, eight faces paired with a
single name were subsequently presented for 5 seconds
each, with the next face-name pair following after a randomized intertrial interval of 1500–3000 milliseconds.
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Each encoding block was followed by a recognition
block during which the subjects were again presented
the eight faces shown previously, now with two names
below the faces (correct name vs. distractor). The
subjects were instructed to select the name that was
previously presented with the face (correct name) by
pressing a button on fiberoptic response grips
(www.nordicneurolab.com; NordicNeuroLab, Bergen,
Norway). No feedback on accuracy was given during
the task procedure. In half of the recognition trials, the
distractor was a novel name, whereas in the other half,
the distractor was a name that went with another face
during the previous encoding block. Correct responses
during the recognition block were classified as successful recognition. Based on correct responses in the recognition block, the corresponding encoding trials were
retrospectively classified as successful encoding.
Conversely, wrong answers or missed answers were
classified as unsuccessful recognition and unsuccessful
encoding, respectively. Between each encoding and recognition block, the subjects were briefly presented
short task instructions. For each individual, fMRI task
accuracy was defined as the percentage of all recognition trials that were answered correctly.
MRI data acquisition

Scanning was performed on a Siemens Verio 3T scanner
(Siemens Healthcare, Erlangen, Germany), using a 12channel head coil. Structural images were obtained using
a T1-weighted magnetization-prepared rapid gradient
echo sequence (repetition time [TR]/echo time [TE]
1750/2.52 milliseconds, flip angle 9 degrees), with 1-mm
isotropic voxel resolution. Task fMRI was recorded using
a T2*-weighted echo planar imaging (EPI) pulse sequence (TR/TE 2000/30 milliseconds, flip angle 90 degrees) with an in-plane resolution of 3.4 mm, 3-mm
slice thickness and 1-mm interslice gap. Overall, 900 EPI
volumes (~ 30 minutes acquisition time) were recorded,
divided into three runs. Prior to the task recordings,
gradient-echo field maps (TR/TE1/TE2 488/4.92/7.38
milliseconds) were acquired.
MRI preprocessing and gray matter volume extraction

Spatial normalization of structural and functional images
was performed using high-dimensional nonlinear registration in SPM12 [31]. fMRI images were additionally
motion time-, slice time-, and field map-corrected.
Subject motion did not exceed 2-mm translations or
2-degree rotations per axis. As a proxy for structural
brain integrity, we used total gray matter volume
(GMV) assessed on segmented structural images as
described previously [32]. For details on MRI processing, see Additional file 1.
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Task fMRI functional connectivity analysis

We assessed functional connectivity during the fMRI
memory task via beta-series correlation, which allows assessment of interregional functional connectivity in
event-related fMRI data using the freely available toolbox BASCO (BetA Series COrrelation) [33]. First, ROIs
were defined as 264 isotropic 6-mm spheres based on a
widely used brain parcellation atlas [17, 34]. This atlas,
which is based on resting-state fMRI scans of 300 young
individuals, was introduced first by Power and colleagues
[34] and covers 10 large-scale functional networks, as
shown in Fig. 1a. An additional LFC-ROI (6-mm
sphere, Montreal Neurological Institute [MNI] coordinates x = − 42, y = 6, z = 28) (see red highlighted ROI in
Fig. 1a) that we also described in previous publications
[10, 12] was added to the frontoparietal control network parcellation of the currently used fMRI atlas. To
assess hemispheric specificity of the effect of LFC connectivity, we also applied an ROI in the corresponding
location of the right frontal cortex (RFC; MNI coordinates x = 42, y = 6, z = 28). Second, for each of the

Page 4 of 12

overall 266 ROIs, we performed subject-level task fMRI
analysis using a generalized linear model where taskrelated activation in each trial is modeled by a covariate
time-locked to the stimulus onset. Subject-specific generalized linear models were modeled by entering trial
type-specific regressors (successful encoding, unsuccessful encoding, successful recognition, unsuccessful
recognition), each convolved with a canonical
hemodynamic response function and a multivariate
Taylor expansion plus six motion regressors and their
derivatives [35]. Parameter estimation was performed
with SPM12, yielding 266 ROI-specific vectors of βcoefficients for each trial type per subject. Third, to estimate trial type-specific functional connectivity, we
correlated the trial type-specific β-coefficient vectors
using Spearman’s correlations, yielding four trial typespecific (i.e., successful/unsuccessful encoding/recall)
266 × 266 connectivity matrices per subject. Prior to
graph theoretical analysis, autocorrelations were set to
0, and the remaining correlations were thresholded at
an absolute value of r > 0.2 to exclude spurious

Fig. 1 a Network partition of 264 functional ROIs as described previously [34]. The left frontal cortex ROI that was added to this parcellation is
highlighted by a red circle. b Group average functional connectivity matrices for successful encoding and successful recognition. The networks of
interest (i.e., default mode network [DMN] and dorsal attention network [DAN]) for the present study are highlighted in bold
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correlations. To ensure that results were not thresholdspecific, all analyses reported were repeated using
thresholds of 0.25, 0.3, and 0.35, which did not change
the overall result pattern. For the assessment of
network-specific graph metrics, the 266 × 266 connectivity matrices were parcellated into ten smaller matrices, each reflecting connectivity within one of ten
canonical functional networks (see Fig. 1a for network
definitions) as reported previously [17, 34]. Graph theoretical analyses were conducted in a trial type-specific
manner on each of these network-specific connectivity
matrices. In the present study, we focused on the connectivity submatrices of the DMN and DAN (i.e., red
and green parcels in Fig. 1a).
Graph theoretical analysis
Small-worldness

Functional brain networks are thought to exhibit smallworld topology (i.e., an intermediate stage between random and lattice-like networks). In principle, small-world
networks are characterized by a combination of high local
segregation and global integration. The graph theoretical
statistic of small-worldness quantifies the trade-off between local clustering and characteristic path length, each
normalized against a random network [21, 36]. Characteristic path length is inversely related to global efficiency
and reflects the average shortest connection between all
pairs of nodes in a network. In contrast, clustering describes functional segregation and quantifies how strongly
neighboring nodes of a network are interconnected [21].
On the basis of these measures, we computed the trial
type-specific small-worldness for the DMN and DAN
using the following equation:
C=C rand
Small−worldness ¼
L=Lrand
where C is the mean clustering coefficient and L is the
characteristic path length of the network of interest.
Crand and Lrand are equivalent measures assessed as the
mean of C and L of 10,000 bootstrapped random networks that were equal to the DMN/DAN in size and degree of distribution. Note that negative functional
connectivity values were set to 0 prior to assessing
small-worldness because characteristic path length and
clustering coefficient are by definition based on positive
connections (i.e., “within-network” connections). For
mathematical details on the assessment of C and L, see a
previously published overview on graph theoretical parameters applied to fMRI data [21]. The analyses were
conducted using the algorithms of the freely available
brain connectivity toolbox (https://sites.google.com/site/
bctnet/Home/functions) and MATLAB (MathWorks,
Natick, MA, USA) scripts written in-house.
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LFC to DMN and DAN connectivity

To quantify the cross-network coupling of the LFC, we
computed the functional connectivity strength of the
LFC to the DMN and DAN using the sum of weighted
functional connectivity values of the LFC to a given network [21]. Here, we specifically used absolute functional
connectivity values to take into account both positive
and negative connections of the LFC that may conjointly
modulate the efficiency of the DMN or DAN. Specifically, we computed the LFC connectivity to the DMN
and DAN on the basis of connectivity matrices specific
for each trial type (successful/unsuccessful encoding/recognition), where we summed the absolute connectivity
values between the LFC ROI and all ROIs of the network of interest (DMN or DAN), yielding a single scalar
index of LFC connectivity to a given network. Here,
higher connectivity reflects stronger coupling between
the LFC and DMN/DAN, which is assumed to facilitate
the integration of information within and across networks [21]. We computed connectivity between the LFC
and the DMN/DAN as follows:
X



LFC to X ¼ 
k

j∈x LFC i
where X is the DMN or DAN and kLFC i is the connectivity between the LFC and node i of the respective network. For later control analyses on left hemispheric
specificity, we used the above-defined procedure to
equivalently compute connectivity of the RFC to the
DMN and DAN. All computations were conducted
using MATLAB software.
Statistics

As a proof of concept, we first tested whether greater
education as a protective factor in aging and AD is associated with higher memory ability in late age (i.e., reserve) when accounting for AD risk (i.e., apolipoprotein
E [APOE] genotype) and structural brain integrity (i.e.,
GMV). To this end, we assessed whether greater education predicted higher fMRI-task accuracy or CERAD
memory performance by using linear regression, entering age, sex, APOE genotype, and GMV as covariates.
To visualize the functional connectivity patterns during
successful memory performance, we averaged the
unthresholded 266 × 266 matrices across subjects.
Associations between LFC connectivity, DMN/DAN
small-worldness, and education

First, we tested whether LFC connectivity was associated
with greater small-worldness of the DMN and DAN during successful encoding and successful recognition. To
this end, we computed separate multiple regression analyses for the DMN or DAN and condition (successful
encoding/recognition), with network small-worldness as
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the dependent variable and LFC connectivity to the
particular network as the independent variable. The
regression models were controlled for age, sex, APOE
genotype, GMV, and task reaction time. We selected
those covariates to ensure that associations between LFC
connectivity and small-worldness were not driven by differences in structural brain integrity or genetic risk for
AD. Thus, for a particular network and condition, the
regression model was, for example, small-worldness of
the DMN during encoding explained by LFC-to-DMN
connectivity during encoding + age + sex + APOE genotype + GMV + task reaction time. Similarly, we tested
whether higher education level predicted higher DMN/
DAN small-worldness. To this end, we recomputed the
above-listed regression models, this time using education
instead of LFC connectivity as a predictor of DMN or
DAN small-worldness during successful encoding/recognition. To assess specificity for successful encoding/recognition, equivalent regression models were applied to
small-worldness assessed on unsuccessful encoding/recognition trials.
Mediation analysis between education, LFC-to-DMN/DAN
connectivity, and DMN/DAN small-worldness

To test our hypothesis that associations between education and DMN/DAN small-worldness are mediated by
LFC connectivity to these networks, we used causal mediation analyses as implemented in the mediation package [37] in R [38]. Here, we used education as the
independent variable, small-worldness as the dependent
variable, and LFC connectivity to the DMN/DAN as the
mediator variable, controlling all paths for age, sex,
APOE, GMV, and task reaction time. This model was
tested for the DMN and DAN for connectivity assessed
on successful encoding and successful recognition trials.
The significance of mediation effects was assessed using
nonparametric bootstrapping with 10,000 iterations,
which can be used effectively for significance testing, especially in smaller samples [39]. We estimated the significance of the average causal mediation effect (ACME),
the average direct effect (ADE), the total effect, and the
proportion of the total effect that was mediated. Results
were interpreted as full mediation when only the ACME
but not the ADE was significant, but as partial mediation
when both ADE and ACME were significant. As a control analysis to assess left hemispheric specificity, the
above-defined mediation models were also assessed
when using RFC connectivity to the DMN or DAN as a
mediator variable.
Associations between DMN/DAN small-worldness and
memory performance

Next, we tested whether higher DMN or DAN smallworldness translated into better task fMRI performance.
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Here, we applied multiple regression using the fMRI accuracy score as a dependent variable and DMN/DAN
small-worldness as the independent variable, controlling
for age, sex, APOE genotype, and GMV and task reaction time. As an exploratory analysis, we tested whether
DMN/DAN small-worldness generalized toward better
out-of-scanner memory performance by assessing the
above-mentioned models using the CERAD memory
score as a dependent variable.
All linear models reported were computed using
the lm command in R [38]. We applied a threshold
of α = 0.05 to consider regression weights significant,
and we additionally accounted for multiple testing
using the Bonferroni correction for each hypothesis
(i.e., four tests per hypothesis, corrected α = 0.0125
for each hypothesis). No violations of linear regression assumptions (skewness, kurtosis, heteroscedasticity, multicollinearity) were detected.

Results
Sample demographics and cognitive characteristics are
displayed in Table 1. When testing whether higher education level predicted better memory performance using
linear regression, we found positive associations with
fMRI task accuracy (β/SE = 0.370/0.203, p = 0.042) and
with CERAD memory performance (β/SE = 0.353/0.223,
p = 0.027). For descriptive purposes, the group average
matrices of whole-brain task-related functional connectivity during successful encoding/recognition are shown
in Fig. 1b.
Higher LFC connectivity to the DMN/DAN is associated
with higher DMN/DAN small-worldness

We first tested our main hypothesis: whether greater
LFC connectivity to the DMN/DAN is associated with
higher small-worldness within these networks. For successful encoding, higher DMN/DAN small-worldness
Table 1 Sample characteristics and cognitive performance
Cognitively normal
elderly subjects (N = 26)
Age, years

71.91 ± 5 [61.44–82.29]

Sex, male/female

10/16

Years of education

13.69 ± 2.99 [9–20]

fMRI task accuracy, %

0.8 ± 0.06 [0.71–0.91]

MMSE score (maximum 30)

29.42 ± 0.86 [27–30]

CERAD word list delayed free
recall score (maximum 10)

8.83 ± 1.39 [6–10]

Geriatric Depression Scale score

3.23 ± 3.01 [0–10]

APOE ε4 carriers/noncarriers

9/17

Abbreviations: APOE Apolipoprotein E, CERAD Consortium to Establish a
Registry for Alzheimer’s Disease, fMRI Functional magnetic resonance imaging,
MMSE Mini Mental State Examination
Numbers are expressed as mean ± SD. Ranges are shown in square brackets
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was predicted by higher LFC connectivity to the respective network (DMN β/SE = 0.847/0.117, p < 0.001; DAN
β/SE = 0.612/0.169, p = 0.002). Similar results were found
for successful recognition, where higher LFC connectivity also predicted higher small-worldness within both
the DMN (β/SE = 0.736/0.143, p < 0.001) and the DAN
(β/SE = 0.792/0.126, p < 0.001). All results remained significant after correction for multiple testing (α = 0.0125).
Scatterplots for associations between LFC connectivity
and DMN/DAN small-worldness are shown in Fig. 2.

Effects of education on DMN/DAN small-worldness are
mediated via LFC connectivity

Next, we tested a prerequisite for mediation analysis:
whether more years of education predicted higher
DMN/DAN small-worldness. Results of the regression
analyses showed that higher education level was associated with higher small-worldness of the DMN and the
DAN during successful encoding (DMN β/SE = 0.507/
0.225, p = 0.018, DAN β/SE = 0.598/0.227, p = 0.008)
and successful recognition (DMN β/SE = 0.620/0.229,
p = 0.007; DAN β/SE = 0.501/0.230, p = 0.021). Scatterplots of these results are shown in Fig. 3.
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Next, we tested our second hypothesis that LFC connectivity to the DMN/DAN mediates the association between education and DMN/DAN small-worldness using
bootstrapped mediation models. For the DAN and successful encoding, we found a significant full mediation.
Specifically, we found a significant ACME of LFC connectivity (mediator) for the association between education and DAN small-worldness (ACME 0.283, p = 0.02),
where the ADE of education on DAN small-worldness
was no longer significant when LFC connectivity was included in the model (ADE 0.214, p = 0.27) (Fig. 4a).
A similar full mediation was found for effects of education on DMN small-worldness via LFC connectivity
during successful encoding (Fig. 4c), where the ACME
was significant (ACME 0.396, p = 0.01), but the ADE
was no longer significant when LFC connectivity was included as a predictor (ADE 0.0.076, p = 0.57).
Equivalent full mediations were found during successful
recognition for both DAN (ACME 0.297, p = 0.02; ADE
0.224, p = 0.18) (Fig. 4b) and DMN small-worldness
(ACME 0.372, p < 0.001; ADE 0.190, p = 0.29) (Fig. 4d).
Mediation statistics of the bootstrap analyses are summarized in Table 2. When we applied the Bonferroni correction (α = 0.0125) to the ACMEs, the results remained

Fig. 2 Scatterplots showing the associations between left frontal cortex (LFC) connectivity to the default mode network/dorsal attention network
(DMN/DAN) and small-worldness within the respective network during episodes of successful encoding (left panels) and successful recognition
(right panels). Standardized regression weights and p values are based on multiple regression models controlled for age, sex, gray matter volume,
apolipoprotein E ε4 carrier status genotype, and task reaction time
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Fig. 3 Scatterplots illustrating the associations between years of education and small-worldness within the default mode network/dorsal attention network
(DMN/DAN) during episodes of successful encoding (left panels) and successful recognition (right panels). Standardized regression weights and p values are
taken from multiple regression models controlled for age, sex, gray matter volume, apolipoprotein E ε4 carrier status, and task reaction time

significant for DMN small-worldness for both successful
encoding and recognition, whereas ACMEs met only
trend-level significance for DAN small-worldness. When
testing the same mediation models for RFC connectivity,
we found no significant ACMEs (all p > 0.05), suggesting
specificity of our findings for the LFC.
Triangular diagrams of the LFC mediation models
together with linear regression derived from indirect and
direct path weights are shown in Fig. 4.

DMN/DAN small-worldness is associated with memory
performance

Next, we tested whether higher LFC-mediated smallworldness of the DAN (i.e., successful encoding) and
DMN (i.e., successful recognition) predicted higher fMRI
task accuracy (i.e., percentage of face-name items that
were correctly recognized). For successful encoding, we
found that higher DMN small-worldness (β/SE = 0.568/
0.163, p = 0.002), but not DAN small-worldness (β/SE =

Fig. 4 Path diagrams illustrating how left frontal cortex (LFC) connectivity to the dorsal attention network (DAN) (a and b) and the default mode
network (DMN) (c and d) mediates the association between years of education and DMN/DAN small-worldness for successful encoding (a and c)
and successful recognition (b and d). Shown for each path are standardized β-weights derived from linear regression (i.e., a = effect of education
on LFC connectivity, b = effect of LFC connectivity on DMN/DAN small-worldness when education is included, c = effect of education on DMN/
DAN small-worldness, c′ = effect of education on DMN/DAN small-worldness when LFC connectivity is included, ab = indirect effect of education
on DMN/DAN small-worldness via LFC connectivity). All paths are controlled for age, sex, task reaction time, total gray matter volume, and
apolipoprotein E ε4 carrier status. The significance of regression weights is indicated by asterisks (*p < 0.05, **p < 0.01, ***p < 0.001), where
significance of indirect effects (i.e., ab) is based on bootstrapping
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Table 2 Left frontal cortex to default mode network/dorsal attention network connectivity as a mediator of effect of education on
default mode network/dorsal attention network small-worldness shown for each functional magnetic resonance imaging task trial type
DAN

DMN

Estimate

p Value

Estimate

p Value

0.283

0.02

0.396

0.01

Successful encoding
Average causal mediation effect
Average direct effect

0.214

0.27

0.076

0.57

Total effect

0.497

0.02

0.472

< 0.001

Proportion mediated

0.569

0.04

0.839

0.02

Successful recognition
Average causal mediation effect

0.297

0.02

0.372

< 0.001

Average direct effect

0.224

0.18

0.190

0.29

Total effect

0.521

0.02

0.562

0.01

Proportion mediated

0.570

0.02

0.662

0.01

DAN Dorsal attention network, DMN Default mode network
Mediation models were controlled for age, sex, apolipoprotein E ε4 carrier status, gray matter volume, and task reaction time. Average effects are interpreted as
standardized β values and were assessed using nonparametric bootstrapping with 10,000 iterations

0.143/0.200, p = 0.482), predicted higher task accuracy.
Similar results were found for successful recognition,
where higher DMN small-worldness (β/SE = 0.492/0.156,
p = 0.005) and higher DAN small-worldness (β/SE =
0.516/0.177, p = 0.008) predicted higher task accuracy.
Last, we tested in an exploratory analysis whether
higher LFC-mediated DMN/DAN small-worldness were
associated with better out-of-scanner memory performance (i.e., CERAD memory performance). Here, higher
recognition-related small-worldness in the DMN predicted higher CERAD memory scores (β/SE = 0.466/
0.200, p = 0.031), whereas small-worldness in the DAN
showed an effect at trend level (β/SE = 0.377/0.195, p =
0.068). No significant effects were found for encodingrelated DMN/DAN small-worldness.

Discussion
Our major findings were that (1) LFC connectivity was
associated with higher memory task-related smallworldness of the DMN/DAN; (2) LFC connectivity to
DMN/DAN mediated the association between higher
education level and higher DMN/DAN small-worldness;
and (3) higher small-worldness of the DMN/DAN was
associated with higher memory task performance. Keeping in mind that the present results should not be interpreted in a causative mechanistic way, we conclude that
the beneficial effects of LFC connectivity on reserve are
attributable to higher functional network efficiency that
underlies higher memory performance.
We found that LFC connectivity to the DMN/DAN
was associated with increased small-worldness within
these networks. These results suggest that the LFC supports fast and cost-efficient information processing in
connected networks during memory performance.

Supporting this view, a recent study showed that frontoparietal control network hubs such as the LFC help
guide brain networks into difficult-to-reach states that
are critical for performing complex cognitive tasks [40].
Together, these results fit with the function of the LFC
as a flexible hub of the frontoparietal control network
[17] that regulates activity and information flow in other
networks, such as the DMN and DAN, during resting
state [41] and cognitive demands [17–19, 42]. Our results also support the notion that LFC hub connectivity
is associated with more efficient information processing
of connected networks. To further test the relationship
between network efficiency and reserve, we assessed the
association between education (i.e. the best established
protective factor in aging and AD) [4], and smallworldness of the DMN and DAN. We could show that
higher education level was also associated with higher
small-worldness of the DMN and DAN for both successful encoding and recognition. These results are in general agreement with previous resting-state fMRI studies
showing higher education level to be associated with
greater strength of long-distance connections and
shorter characteristic path length in elderly participants
[43]. We found further that both education and network
efficiency were associated with higher face-name fMRI
task performance. Together, the present results support
the notion that education is associated with higher
memory performance that is supported by higher efficiency in functional networks, including the DMN and
DAN. An association between small-worldness and cognitive performance has previously been demonstrated in
resting-state fMRI [44], where a loss of small-worldness
is associated with cognitive decline in AD [45]. Together, these findings suggest that small-worldness of
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the DMN and DAN has functional relevance at the
cognitive level. Importantly, our results derived from
the mediation analysis suggest that the LFC plays a key
role in the education-related variability of network efficiency. Importantly, control analyses using the RFC
homotopic region yielded no significant associations
between education and RFC connectivity, suggesting
the specificity of our findings for the LFC. We have
previously shown that higher education level is associated with higher LFC connectivity, where higher LFC
connectivity was associated with higher memoryrelated reserve in cognitively normal subjects or subjects with AD [10, 12–14]. Thus, education is likely associated with differences in the premorbid functional
brain architecture (i.e., higher LFC hub connectivity
and higher network efficiency during cognitive performance). Our current working model of reserve is
that the LFC is a pivotal brain hub that facilitates efficient network processes and thus cognitive performance in aging and AD. We have summarized this model
in Fig. 5. We caution that even though we used mediation analysis, a causative interpretation is not possible.
Thus, our findings provide partial support for such a
working model of reserve in that a close association between LFC connectivity, network efficiency, and memory performance was demonstrated. Previous studies
that assessed task-related effective connectivity have
consistently shown, however, that activity in other networks, including the DMN and DAN [46, 47], is driven
by hub regions of the frontoparietal control network
and that stronger effective connectivity is associated
with better cognitive performance [46]. Thus, the LFC
is a likely candidate network influencing smallworldness in other networks during cognitive processes
such as episodic memory. We strongly encourage future studies including larger samples to apply structural
equation modeling to test the overall validity of our
working model of reserve (Fig. 5).
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In the interpretation of the present results, we caution
that a strictly hypothesis-driven approach was applied
that allowed us to focus on the DMN and DAN as networks that are fundamental for memory function (i.e.,
the cognitive domain most affected in aging and AD)
[28, 48, 49]. However, because frontoparietal control network hubs such as the LFC are globally involved in cognition and also interact with networks other than the
DMN and DAN [16, 17], it is possible that the present
findings may also apply to cognitive domains other than
memory. Testing such a hypothesis would require applying different fMRI tasks and focusing on different functional networks, depending on task demands [17].
Although this would clearly go beyond the scope of the
present study, our present results may motivate future
studies to test LFC connectivity as a mediator of network efficiency and performance across a variety of cognitive domains.
We note that a limitation of our study is that the sample encompassed a relatively high proportion of APOE
ε4 carriers (~ 34%), who are at increased risk of AD and
thus may not be entirely representative of the general
population. To address this, all analyses were controlled
for APOE ε4 carrier status; also, we could previously
show that the LFC supports reserve across both normal
aging and subjects at increased AD risk, supporting a
more general role of the LFC for reserve in both normal
and pathological aging [13]. Nevertheless, future studies
could specifically assess whether APOE ε4 allele carriage
has an effect on LFC-mediated reserve effects.

Conclusions
The present study provides novel insight into potential
functional underpinnings of reserve in aging mediated
via LFC connectivity and functional network efficiency,
which opens the possibility of assessing their modifiability
via cognitive interventions [50], brain stimulation, or neurofeedback. To date, studies that noninvasively stimulated

Fig. 5 Hypothetical working model of reserve. Education is associated with higher efficiency (i.e., small-worldness) of functional brain networks,
which is in turn associated with better cognitive performance. The association between education and functional network efficiency is mediated
by the left frontal cortex (LFC) hub region (yellow sphere) that modulates the efficiency of downstream networks
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the frontal lobe hubs have already shown that connectivity
can be enhanced [51] and that memory can be improved
in both healthy individuals [52] and patients with mild
cognitive impairment [53]. Thus, the LFC may be an
attractive therapeutic target for fostering reserve and
prevention of cognitive decline in aging and AD.
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